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ABSTRACT Biphenyl dioxygenase (BPDO), which is a Rieske-type oxygenase (RO),
catalyzes the initial dioxygenation of biphenyl and some polychlorinated biphenyls
(PCBs). In order to enhance the degradation ability of BPDO in terms of a broader
substrate range, the BphAEs,g3m, BPhAE, 4 o530 and BphAEggs; syg3m Variants were
created from the parent enzymes BphAE, g,00 BPhAE,,, and BphAEgg,,, respectively,
by a substitution at one residue, Ser283Met. The results of steady-state kinetic pa-
rameters show that for biphenyl, the k./K,, values of BphAEs,s3p, BPhAE,, soa3m/
and BphAEgg41.s283m Were significantly increased compared to those of their parent
enzymes. Meanwhile, we determined the steady-state kinetics of BphAEs toward
highly chlorinated biphenyls. The results suggested that the Ser283Met substitution en-
hanced the catalytic activity of BphAEs toward 2,3',4,4"-tetrachlorobiphenyl (2,3',4,4'-CB),
2,2',6,6'-tetrachlorobiphenyl (2,2',6,6'-CB), and 2,3',4,4’,5-pentachlorobiphenyl (2,3',4,4',5-
CB). We compared the catalytic reactions of BphAE, z.o, and its variants toward 2,2'-
dichlorobiphenyl (2,2’-CB), 2,5-dichlorobiphenyl (2,5-CB), and 2,6-dichlorobiphenyl (2,6-
CB). The biochemical data indicate that the Ser283Met substitution alters the orientation
of the substrate inside the catalytic site and, thereby, its site of hydroxylation, and this
was confirmed by docking experiments. We also assessed the substrate ranges of
BPhAE, g4 and its variants with degradation activity. BphAEg,g3y and BphAE,, s5g3m
were clearly improved in oxidizing some of the 3-6-chlorinated biphenyls, which are
generally very poorly oxidized by most dioxygenases. Collectively, the present work
showed a significant effect of mutation Ser283Met on substrate specificity/regio-
specificity in BPDO. These will certainly be meaningful elements for understanding Citation LiJ, Min J, Wang Y, Chen W, Kong Y,
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explain the new properties of the mutant enzymes. Altogether, the results of this
study provide better insights into the mechanisms by which BPDO evolves to
change and/or expand its substrate range and its regiospecificity.

KEYWORDS polychlorinated biphenyls, biphenyl dioxygenase, Burkholderia
xenovorans LB400, substrate range, regiospecificity, enzyme mutation, enzyme
catalysis, directed evolution

olychlorinated biphenyls (PCBs) are a class of chlorinated derivatives of biphenyl

that theoretically contain 209 congeners (1-4). Owing to the characteristics of PCBs,
chemical durability, electrical insulating property, and incombustibility, numerous con-
geners of PCB have been utilized for many industrial applications (5, 6). A large amount
of PCBs was manufactured, approximately 1.5 million tons, from 1929 to 1978 (7).
Resulting from their hydrophobic properties, PCBs are persistent and have been
evaluated to affect human health and ecosystems (8-12). PCBs have been designated
toxic priority pollutants by the U.S. Agency for Toxic Substances and Disease Registry
(ATSDR) (13, 14).

Several heterotrophic soil bacteria can use selected PCB congeners as sources of
carbon and energy (15, 16). The enzymatic reactions involved in the PCB degradation
process are organized into pathways (16-18). The ability of enzymes of these pathways
to undergo a relaxation of their specificities toward a range of structurally distinct
substrates without a loss of function is of critical importance to expand metabolic
versatility (16). The bacterial biphenyl (BPH) catabolic pathway represents an example
of a new emerging pathway for the degradation of several man-made persistent
pollutants such as polychlorinated biphenyls (5, 11, 19). The biphenyl dioxygenase
(BPDO) catalyzes the initial dioxygenation of BPH (Fig. 1A). BPDOs are potentially
capable of metabolizing several chlorobiphenyls. They are composed of three compo-
nents, which in Burkholderia xenovorans LB400 are designated as follows (20-22): the
catalytic component, a Rieske-type oxygenase (RO) protein (BphAE) made up of three
a-subunits (BphA) and three B-subunits (BphE), as well as the ferredoxin (BphF) and the
ferredoxin reductase (BphG), which are required to transfer electrons from NADH to
BphAE. BphAE catalyzes a 2,3 (ortho-meta)-dihydroxylation toward biphenyl, but the
regiospecificity of BphAE differs for different substrates. The substrate range and
regiospecificity are principally determined by residues located on the C-terminal por-
tion of the dioxygenase a-subunit, some of which are in contact with and others of
which are removed from the substrate (19, 23-25).

BPhAE g.400 from B. xenovorans LB400, which metabolizes a wide range of PCBs,
is one of the most effective dioxygenases of natural origin. The BphAE, g4, Sub-
strate range can be altered by mutations that modulate the plasticity of the
catalytic pocket to create the space required to accommodate substrates exhibiting
structurally different conformations. A route to change the substrate range involves
alterations of the side chains of residues lining the catalytic pocket. Residues such as
Ser283 of BphAE, 540, line the entranceway of the catalytic pocket and may play a role
in substrate specificity (Fig. 1B). Dhindwal et al. (26) observed that Ser283 is part of a
small segment that moves during substrate binding, and its displacement differs
depending on the dioxygenase and the mutants that are analyzed. In most BPDOs, this
position is occupied by a nonpolar residue (Met, lle, or Leu), whereas in BphAE, g400, it
is occupied by Ser, a polar amino acid (Fig. 1C). In a previous report, strains with
KF707-type specificity degraded a relatively narrow range of PCB congeners and were
generally able to oxidize only lower chlorinated congeners (27). The enzymes desig-
nated as having KF707-type specificity, which have Leu or lle at position 283, also
showed the same issue (27). In BphAEg;54 from Pandoraea pnomenusa B356, which is
another effective PCB-degrading BPDO that metabolizes a different range of PCB
congeners than BphAE, .4, (28), this position is occupied by a Met. Consequently, this
residue thus appears of interest for engineering. Additionally, the BphAE,,, and BphAEgg,;
variants were derived from BphAE, g,, (29, 30). BphAE,, was created by a double substi-
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FIG 1 The biphenyl dioxygenase reaction, its structure, and the variability of residue 283. (A) BPDO
reaction. BphG is the reductase, and BphF is the ferredoxin. red, reduction reaction; ox, oxidation
reaction. (B) Positions of residues 283, 335, 336, 338, 341, and 409 in the crystal structure of the alpha
subunit of BphAE 440. (C) Ser283 of LB400 BPDO is replaced by Thr, lle, Met, or Leu in other BPDOs or
other homologous dioxygenases. Details about the dioxygenases in panel C are shown in Table S1 in the
supplemental material.

tution of BphAE, 5400, Thr335 Phe336 to Ala335 Met336 (29). BphAEgg,, was obtained by
replacing Asn338 lle341 Leu409 of BphAEp4 with GIn338 Val341 Phe409 (30). Compared to
BPhAE, g400, BPhAE,,, metabolizes an expanded range of chlorobiphenyls, and it exhibits an
enhanced ability to metabolize the coplanar compound dibenzofuran. BphAEgg,, also
exhibits an ability to metabolize a broader range of PCB congeners than BphAE,, and
BPAE, 5400 (31). Kumar et al. (32) identified that the Thr335Ala substitution contributes the
most to the new properties of BphAE,,. Residue Thr335 of BphAE, g,y imposes con-
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straints through polar contacts to the segment spanning Val320, Gly321, and
GIn322 lining the catalytic pocket (Fig. 1B). Mutating Thr335 to Ala reduces these
constraints and thus increases the space available so that the bulkier chlorinated
biphenyl can be accommodated in the catalytic pocket. The superior ability of
BphAEgg,, to metabolize dibenzofuran over BphAE,, is caused by the double
substitutions Asn338GIn and Leu409Phe, both of which are essential to confer the
new catalytic properties to BphAEgg,, (33). Both residues are far from the substrate,
but together, they influence subunit assembly and the substrate-induced confor-
mation of reaction-critical atoms (33).

In this context, we mutated Ser283 of BphAE, g400, BPhAE,,, and BphAEgg,, to
Met as in BphAEg;s4 to generate BphAEg,g3m, BPhAE, 4 s583m @nd BPhAEgg4 s283ms
respectively. We compared some of the catalytic properties of BphAE, g0, BOhAE
BphAEgga1, BPhAEs,g3m, BPhAE, 4 s583m: @aNd BPhAEggs 5283w toward biphenyl and
selected PCB congeners, and we also modeled the structures of BphAEg,gsm,
BphAE, 4 s583m: and BphAEgg,; 5283w and the docked substrates in order to inves-
tigate the structural features of BphAEs responsible for the differential catalytic
properties of these enzymes.

RESULTS

Production of BphAE, z,,, and its variants. Various recombinant BphAEs were
produced and purified as His-tagged proteins as described in Materials and Methods.
Each His-tagged BphAE protein was examined by SDS-PAGE; only two single bands
were observed, corresponding to the a-subunit (BphA [M, = 51,000]) and the B-subunit
(BphE [M, = 22,000]) (see Fig. S1 in the supplemental material).

Steady-state kinetics of BphAE, g,,, and its variants toward BPH and PCB
congeners. Based on biochemical data, the Ser283Met mutation in BphAE, 5,4, Signif-
icantly enhanced the enzyme’s PBC-degrading potential, the same mutation in BphAE,,,
did not produce such a significant effect, and this mutation in BphAEgg,, hindered the
PCB-degrading potential of the enzyme. However, the Ser283Met mutation altered the
regiospecificity of BphAEgg,, based on biochemical data and structural analysis. Addi-
tionally, BphAEgg,, exhibited the ability to metabolize a broad range of PCB congeners
compared to BphAE,, and BpAE, g,00 (31). Thus, BPhAE, 5400, BPhAEs, 530, BPhAEgg,,,
and BphAEgg,;_s-53m Were chosen for kinetic analyses with lower chlorinated congeners
of PCB. Meanwhile, to date, little is known about the degradation of highly chlorinated
biphenyls, especially the kinetics of highly chlorinated PCB degradation by enzymes (3).
In the present work, BphAEs,45\ metabolized highly chlorinated biphenyls significantly
better than other variants. Consequently, BphAE, 5.0, and BphAE¢,53,, Were chosen for
kinetic analyses with highly chlorinated biphenyls. The steady-state kinetic parameters
of BphAE, 540, and its variants toward PCBs were calculated from oxygen consumption
using an oxygraph. The k_,./K,,, values for BphAE, ., and its variants are given in Table
1 and Table S3. In order to read and understand the results, catalytic activities that were
improved are shown in Table 1, and those that were unchanged or worse are shown in
Table S3. The k.. /K,, value for BphAEg,4;\ was four times higher than that for
BPhAE, 400 toward biphenyl (Table 1). The k./K,, values for BphAE,, s;s3m and
BphAEgg41-s283m Were also improved compared to BphAE, .4, toward biphenyl (Table
1). This result demonstrated the enhanced ability of BphAEs, g3, BPhAE,, s583m, and
BPhAEgg41-s283m t0 metabolize biphenyl compared with BphAE, 400, BphAE,, and
BphAEgg,;- The Ser283Met substitution lowered the k_,/K,, for the reaction with 4-CB
(Table S3). Additionally, compared to BphAEgg4,, BOPhAEgga:-s083m Showed a low k. /K,,,
value with 4-chlorobiphenyl (4-CB) (Table S3). On the other hand, the Ser283Met
substitution did not affect the value of the specificity constant toward 2,2'-
dichlorobiphenyl (2,2’-CB) for both BphAE, z,o, and BphAEgg,, (Table S3). Compared
with the three above-described congeners, BphAE, 540, and BphAEgg,, exhibited a low
apparent specificity toward 2,5-dichlorobiphenyl (2,5-CB) and 2,6-dichlorobiphenyl (2,6-
CB), and the Ser283Met substitution did not improve it. For some of these enzymes, the
kinetic parameter values were even too low to be measured. In the case of 2,2',5,5'-
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TABLE 1 Steady-state kinetic parameters of BPDO variants?

Mean K, Mean k. Keat/ Ky

Substrate and enzyme (uM) = SD (s=1) = SD (10° M~ s—1)
BPH

BPhAE 5400 350 * 4 1.1 %01 322

BPhAEs,g5m 173 *+ 04 22+ 00 126.6

BphAEp4 533 = 15 1.0 £0.2 18.3

BPhAE 452530 777 =7 35+ 04 445

BPhAEgga, 59.6 = 10 0.7 = 0.2 12.6

BPhAEggar saa3m 534 *+ 4 29+ 02 53.9
2,3'44'-CB

BPhAE, 5400 ND ND ND

BPhAE« 55m 339 =3 1.0 = 0.03 284
2,2'6,6'-CB

BPhAE, 5400 ND ND ND

BPhAEs,g5m 88 + 08 0.3 + 0.01 348
2,3'44'5-CB

BPhAE, 400 ND ND ND

BPhAEg,gam 33.0 = 12 0.6 = 0.09 175

aThe kinetic parameters were determined from oxygen uptake measurements as described in Materials and
Methods. ND, the kinetic parameters for some of the enzymes could not be determined with certain
substrates because the activity was too low, or the enzyme did not follow Michaelis-Menten kinetics.

tetrachlorobiphenyl (2,2',5,5'-CB), the k_,/K,, value was not affected by the Ser283Met
mutation, as shown in Table S3. However, for 2,3’,4,4'-tetrachlorobiphenyl (2,3',4,4'-CB)
and 2,2',6,6'-tetrachlorobiphenyl (2,2',6,6'-CB), the k.,./K,,, values for BDhAEg 45, are in
the same range as those for BphAE g,,, toward biphenyl. Meanwhile, 2,3',4,4',5-
pentachlorobiphenyl (2,3',4,4,5-CB) was a good substrate for BphAEg g5y, Since its
kinetic parameters were higher than those for 2,5-CB and 2,6-CB. Under the same
experimental conditions, BphAE, .0, Was poorly active toward 2,3',4,4'-CB, 2,2",6,6'-CB,
and 2,3',4,4',5-CB. Thus, the Ser283Met substitution improved the catalytic abilities of
the three congeners. Finally, the steady-state kinetic parameters of BphAE, g,o, and
BphAEg,550 toward 2,2°,4,4',5,5'-hexachlorobiphenyl (2,2',4,4',5,5'-CB) were too low to
be determined accurately, so they are not reported here. Together, the Ser283Met
substitution enhanced the catalytic activity of BphAEs toward biphenyl, 2,3',4,4'-CB,
2,2',6,6’-CB, and 2,3’,4,4',5-CB. Nevertheless, the Ser283Met substitution hindered the
catalytic activity of BphAEs toward 4-CB, but in the case of 2,2'-CB, 2,5-CB, 2,6-CB, and
2,2',5,5'-CB, no significant effects were observed.

Metabolism of 2,2'-CB, 2,5-CB, and 2,6-CB by BphAE, z,,, variants. The regio-
specificity of BPDO influences the products that are formed, which influences the
catalytic degradation of the substrates by the subsequent enzymes of the pathway.
2,2'- and 2,6-dichlorobiphenyls belonging to the ortho-substituted PCB congeners are
among the PCB congeners most resistant to microbial attack (29). In a previous report,
the variants of BphAE, 5,0, that oxygenate 2,2'-dichlorobiphenyl at a higher rate than
their parental enzyme were able to metabolize a broader range of PCB congeners than
BphAE, 5400 (18). In addition, as previously reported, unlike BphAE, g,00 BPhAEg;se
metabolizes 2,6-dichlorobiphenyl efficiently (34). On the other hand, unlike BphAEg; s,
which oxygenates 2,5-dichlorobiphenyl into the ortho-meta position of the unsubsti-
tuted ring only, BphAE, 5.0, Can oxygenate this substrate into the meta-para position
(35). Thus, 2,2'-, 2,5-, and 2,6-dichlorobiphenyls were chosen for kinetic analyses, and
the metabolites generated from these substrates by BphAE, 5,4, and its variants were
identified. The metabolites were identified by gas chromatography-time of flight mass
spectrometry (GC-TOF-MS) analysis as described in Materials and Methods. In the case
of 2,2'-dichlorobiphenyl, two metabolites were produced by the BphAEs (Fig. 2). The
mass spectrum of the first metabolite’s nBuB (n-butylboronate) derivative was in
agreement with a dihydro-dihydroxy-chlorobiphenyl described in previous works (22,
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FIG 2 GC-MS spectra of butylboronate-derived metabolites produced from 2,2'-CB by reconstituted His-tagged BphAE ;,o, and its variants. (A) Total ion
chromatogram showing the peaks of metabolites produced from 2,2'-CB by reconstituted His-tagged BphAE g,,, and BphAE,,,. (B) Total ion chromatogram
showing the peaks of metabolites produced from 2,2'-CB by reconstituted His-tagged BphAE,, and BphAE,, s,g3u- (C) Total ion chromatogram showing the
peaks of metabolites produced from 2,2'-CB by reconstituted His-tagged BphAEgg,, and BphAEgq,, ,53m- (D) Mass spectrum of the metabolite exhibiting a
retention time of 18.3 min. (E) Mass spectrum of the metabolite exhibiting a retention time of 21.5 min.

32). It was characterized by a fragmentation pattern exhibiting a molecular ion at m/z
288 and diagnostically important ions at m/z 253 (M* — Cl), m/z 204 (M* — C,H4BO),
and m/z 188 (M* — C,H,BO,) (Fig. 2D). The mass spectral features of the second
metabolite are shown in Fig. 2E, with the characteristic molecular ion (m/z 322) and
a fragmentation pattern exhibiting diagnostically important ions at m/z 287 (M+ —
Cl), m/z 265 (M* — n-butyl), m/z 238 (M+ — C,H,BO), and m/z 222 (M~ — C,H4BO,),
corresponding to the 3,4-dihydro-3,4-dihydroxy-2,2'-dichlorobiphenyl previously
described as the minor metabolite of BphAE, g,00. BPhAE,, and BphAEgg,, gener-
ated principally  3,4-dihydro-3,4-dihydroxy-2,2'-dichlorobiphenyl and small
amounts of 2,3-dihydro-2,3-dihydroxy-2’-chlorobiphenyl (Fig. 2B and C). The major
metabolite produced by BphAE, 5,0 and BphAE¢,55,, Was identified as 2,3-dihydro-
2,3-dihydroxy-2'-chlorobiphenyl (Table 2), but the proportion of the dehalogenated

TABLE 2 Metabolite patterns of variant BphAEs

Metabolite ratio (SD)*

RT

Substrate and metabolite (min)® BphAE 3400 BphAEsygsm BphAE,, BphAE,, s;55m BPhAEgps; BphAEggs:.sysam
2,2'-CB

2,3-Dihydro-2,3-dihydroxy-2'-chlorobiphenyl 183 68 (12.8) 84 (4) 22(7.7) 43(13.7) 1(1) 34 (5.6)

3,4-Dihydro-3,4-dihydroxy-2,2'-dichlorobiphenyl 21.55 32(12.8) 16 (4) 78 (7.7) 57 (13.7) 99 (1) 66 (5.6)
2,5-CB

2',3"-Dihydro-2',3’-dihydroxy-2,5-dichlorobiphenyl 21.8 98.3 (0.2) 98 (1.7) 98 (0.3) 95 (0.2) 97 (0.5) 96 (0)

3,4-Dihydro-3,4-dihydroxy-2,5-dichlorobiphenyl 22.7 0.9 (0.2) 1.6 (1.7) 1 (0.3) 4 (0.2) 2 (0.5) 4 (0)

3',4'-Dihydro-3',4'-dihydroxy-2,5-dichlorobiphenyl 23.4 0.8 (0.2) 04 (1.7) 1 (0.3) 1(0.2) 1 (0.5) 0 (0)
2,6-CB

3',4'-Dihydro-3’,4'-dihydroxy-2,6-dichlorobiphenyl 21.5 5(0.9) 4 (1.8) 37 (1.8)  75(1.5) 38 (17) 80 (0.7)

2',3'-Dihydro-2',3'-dihydroxy-2,6-dichlorobiphenyl 22.7 95 (0.9) 96 (1.8) 63 (1.8) 25(1.5) 62 (17) 20 (0.7)

aMetabolite ratio based on the areas of the peaks of metabolites detected by gas chromatography-time of flight mass spectrometer (GC-TOF-MS) analysis of
butylboronate-derived metabolites produced by purified enzyme preparations. Standard deviations are indicated in parentheses.
RT is the retention time (in minutes) of each metabolite under the chromatographic conditions used.
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FIG 3 GC-MS spectra of butylboronate (nBu)-derived metabolites produced from 2,6-CB by reconstituted His-tagged BphAE,,o, and its variants. (A) Total ion
chromatogram showing the peaks of metabolites produced from 2,6-CB by reconstituted His-tagged BphAE,g,,, and BphAE.,4;,. (B) Total ion chromatogram
showing the peaks of metabolites produced from 2,6-CB by reconstituted His-tagged BphAE,, and BphAE_, q,g3u- (C) Total ion chromatogram showing the
peaks of metabolites produced from 2,6-CB by reconstituted His-tagged BphAEgg,, and BphAEgg,; so53m- (D) Mass spectrum of the metabolite exhibiting a

retention time of 21.5 min. (E) Mass spectrum of the metabolite exhibiting a retention time of 22.7 min.

metabolite was slightly increased in the Ser283Met variant. BphAEgg,, and BphAE,
principally produced 3,4-dihydro-3,4-dihydroxy-2,2’'-dichlorobiphenyl, but their re-
spective BphAEggs1.s283m and BphAE,, 5,43y derivatives produced significantly
more 2,3-dihydro-2,3-dihydroxy-2'-chlorobiphenyl than their parents (Table 2). The
fact that the ratio of 2,3-dihydro-2,3-dihydroxy-2'-chlorobiphenyl to 3,4-dihydro-
3,4-dihydroxy-2,2'-dichlorobiphenyl is higher in all the Ser283Met variants than in
their parental enzymes indicates that the regiospecificity toward 2,2'-dichloro-
biphenyl is influenced by the Ser283Met substitution.

In the case of 2,6-dichlorobiphenyl, BphAEs produced two dihydro-dihydroxy-
dichlorinated metabolites of 2,6-dichlorobiphenyl (Fig. 3). Both of them reflected a
fragmentation pattern comprising ions at m/z 287 (M*-Cl), m/z 265 (M*-n-butyl),
m/z 238 (M*-C,H,BO), and m/z 222 (M*-C,H,BO,) that was consistent with data
from a previous report, as shown in Fig. 3D and E (22). The substrate was majorly
converted to 2',3'-dihydro-2’,3’-dihydroxy-2,6-dichlorobiphenyl by BphAE, g400
and BphAEg,g3y (Fig. 3A). BphAE,, and BphAEgg,, yielded 2',3'-dihydro-2’,3'-
dihydroxy-2,6-dichlorobiphenyl as the major metabolite, whereas BphAE, s;53m
andBphAEgg.1_s2s3mProduced principally 3',4'-dihydro-3’,4’-dihydroxy-2,6-dichloro-
biphenyl (Fig. 3B and C). Notably, the ratio of 2',3’-dihydro-2’,3'-dihydroxy-2,6-
dichlorobiphenyl to 3’,4'-dihydro-3',4’-dihydroxy-2,6-dichlorobiphenyl is lower in
the BphAEgg41.s283m and BphAE,, 5,63y variants than in their respective parental
enzymes (Table 3). Consequently, for 2,6-CB, there is a marked effect of p4 and RR41
where the metabolite ratio is inversed. This represents the preferential production
of 3',4’-dihydro-3',4'-dihydroxy-2,6-dichlorobiphenyl by Ser283Met variants com-
pared to their parental enzymes. Altogether, these results indicate that the
Ser283Met substitution alters the dioxygenation site of the substrate and thereby
produces comparatively different metabolites.

Whole-cell assays to evaluate the PCB-degrading potential. Steady-state kinetic
parameters for highly chlorinated biphenyls were not determined in this work due to
the low solubility of highly chlorinated PCB congeners, the low activities of the
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TABLE 3 Percent degradation of PCB congeners by BphAE variants

Applied and Environmental Microbiology

% degradation by mutant?

Congener BphAE, 3400 BphAEs,g3m BphAE,, BphAE,, s583m BphAEgg,, BphAEgg41-s283m
2,3',4-CB 19.3 62.5 53.1 343 57.8 33.6
2,4,4'-CB 18.3 226 37.9 51.1 43.6 322
2,2',5,5-CB 529 68.6 68.6 56.3 64.5 324
2,2',6,6'-CB 10.6 99.2 29.1 61.2 24.0 41.5
2,3'44'-CB 133 97.1 N 69.3 39.5 27.8
3,3',44'-CB 19.6 61.2 33.7 45.0 39.5 27.8
2,2'3,45'-CB 19.2 65.3 31.7 44.0 40.7 27.5
2,3',44' 5-CB 16.7 65.1 27.7 457 38.1 23.5
2,2'3,4,5,5'-CB 11.4 69.2 18.0 51.4 39.2 226
2,2',44' 5,5 -CB 14.6 71.7 224 50.6 36.1 20.0

aShown is the percent depletion of each PCB congener of a mix of 10 congeners added to a culture of E. coli DH11(pQE51[LB400-bphFG]/pDB31[LB400-bphFG])
expressing the indicated BphAEs. These resting cell assay mixtures were incubated for 18 h before the remaining PCBs were measured. The values are averages from
three separate experiments done in triplicate. The variance was <10% of the measured values in all cases. N, no degradation, or the level of depletion was not
statistically significant compared to the negative control. Statistical significance was determined according to the t test (P = 0.05). 4-CB is not shown because the

mutant enzymes were not active with this substrate.

isozymes, and the poor coupling of the transformation of the highly chlorinated
biphenyls to O, consumption (36). However, several meaningful studies using whole-
cell degradation assays provide valuable insights into the capacity of the enzyme (18,
19, 25, 31, 36). Thus, we assessed the capacity of recombinant Escherichia coli DH11S
cells with BpAE, g400 and its variants to degrade PCB congeners. The degradation data
are summarized in Table 3. 4-CB is not shown because the mutant enzymes were not
active with this substrate. In a previous report, BphAE,, exhibited a higher potency
toward 2,3',4-trichlorobiphenyl (2,3',4-CB) and 2,4,4'-trichlorobiphenyl (2,4,4'-CB) than
BphAE, 400 (28). In the present work, 2,3",4-CB was depleted significantly better by
BPhAEs,g3m than by BphAE, g400, but BphAEs 5, did not perform better than BphAE,,
toward 2,4,4'-CB. As shown in a previous report (37), BphAE, 3,4, and BphAE,, metab-
olized the ortho-meta congener 2,2',5,5'-CB, and their respective Ser283Met variants
metabolized this substrate similarly. Notably, 2,2’,6,6'-CB, an ortho-substituted PCB
congener, which is one of the PCB congeners most resistant to microbiological deg-
radation, was depleted significantly in our assay by BphAEg, g3y, compared to the other
variants. Consistent with previous reports (28, 31), the mono-ortho coplanar congener
2,3',4,4'-CB is very poorly oxygenated by BphAE, z,00, Whereas BphAEgz,, degrades it
better. Notably, BphAEs,g3, and BphAE,, s,g3m metabolized 2,3',4,4'-CB significantly
better than BphAE, 5,0, and its variants. Barriault et al. (28) previously reported that
2,2',3,4,5'-pentachlorobiphenyl (2,2',3,4,5'-CB) was poorly degraded by BphAE, 5,0, and
BphAE,,. Its degradation was improved for BphAEgg,, compared to BphAE, g,,, and
BphAE,, (31). However, it is noteworthy that BphAEs,g3, metabolized 2,2',3,4,5'-CB
significantly better than BphAEgg,,. Additionally, based on previous reports that
highly chlorinated biphenyls such as 2,3’,4,4',5-CB, 2,2',3,4,5,5'-hexachlorobiphenyl
(2,2',3,4,5,5'-CB), and 2,2',4,4',5,5'-CB were metabolized poorly by biphenyl dioxyge-
nase (18, 19, 29, 31, 36), we assessed the capacity of BpAE, z.00 and its variants to
degrade these three highly chlorinated biphenyls. The results demonstrated that these
three congeners were metabolized significantly by BphAEg,g5p.-

It is noteworthy that 11 PCB congeners were depleted significantly by BphAEg g5
With the exception of 2,4,4'-CB, BphAEg,g3y metabolized a broader range of the 11
congeners than cells expressing BphAE,, (Table 3). BphAEs 43y exhibits an enhanced
ability to metabolize the 10 congeners compared to BphAE,, and BpAEgg,,. This
indicates a meaningful contribution of Met283 of BphAEs,45, to the selectivity of some
PCB substrates. Similarly, BphAE,, s,g3m performed better than BphAE,, in the degra-
dation of most of the tested congeners except 2,3',4-CB and 2,2',5,5'-CB. However, in
contrast, the Ser283Met mutation negatively affected the ability of BphAEgg,, to
oxygenate these congeners.

Structural analysis of docked 2,2’-CB and 2,6-CB at active sites of BphAE, 3400
and its variants. In order to provide insight into structural features of BphAE, g4, and
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TABLE 4 Probable sites for dioxygenation, distances from these carbons to Fe2*, and binding energies for
docking of 2,2’-dichlorobiphenyl and 2,6-dichlorobiphenyl at the active sites of BphAE, g400. BPhAE< g3
BphAEp4l BphAEp4—S283M' BPhAEgra4:, and BphAEgra; szg3m

PCB and structure BPDO variant ~ Carbon positions ~Dioxygenation®  Distance (A) from Fe?*  Binding
for dioxygenation C-2 C-3 C-4 Energy
2,2'-Dichlorobiphenyl LB400 2.3 o,m 4.0 43 5.0 -7.33
S283M 2,3 o,m 4.0 43 5.0 -6.64
O r4 2,30r3,4 o, morm,p 48 43 4.8 -7.05
Cl

p4-S283M 2,30r3, 4 0, morm,p 4.6 4.1 4.6 -7.98

Cl
‘ RR41-S283M 3,4 m, p 4.6 4.0 4.5 -7.44

C-2 C-3’ C-4

2,6-Dichlorobiphenyl LB400 23 o,m 3.7 4.6 59 -7.26
S283M 2::3% o,m 43 5.0 5.8 -5.74

. O . p4® 2’3 or3’4 0, morm, p 49 4.6 4.9
p4-S283M 34 m, p 5.0 4.5 4.6 -6.95
O RR41 2¥3* o,m 4.7 4.5 5.0 -6.98
RR41-S283M 3’4’ m, p 5.1 4.6 4.6 -7.14

a0, m, ortho-meta dioxygenation; m, p, meta-para dioxygenation.
bBphAE,,, with the 2,6-dichlorobiphenyl-bound form (RCSB PDB accession number 2XSH) was prepared as previously described (66).

its variants that elucidate why these enzymes catalyze 2,2’-CB and 2,6-CB oxidation
differently, we docked 2,2'-CB and 2,6-CB at their active sites. The probable sites for
dioxygenation, distances from these carbons to Fe?*, and binding energies for the
docking of 2,2'-dichlorobiphenyl and 2,6-dichlorobiphenyl at the active sites of
BPhAE, g400, BPNAEs 53m BPNAE,, BPhAE 4 s253m BPNAERgs;, and BphAEges; s2e3m are
summarized in Table 4. For BphAEg, g3y, 2,2'-CB docked similarly in the same position
and orientation as in BphAE, g, The C-2 chlorine atoms and C-3 of the reactive ring
of 2,2'-CB in BphAE.,45, closely aligned with C-2 chlorine atoms and C-3 of the reactive
ring of 2,2'-CB in BphAE, z400 (Fig. 4A). This result is consistent with the biochemical
data. In this orientation, C-2 and C-3 are 4.0A and 4.3 A away from the Fe2* ion,
respectively. This shows that the primary metabolite produced from 2,2'-CB when

A B _ Giy321

Gly321

Sl

253?:‘53
j)\< Val287
0O

N/ @
— Phe384

Met283

Phe227

Phe227

’\{ Val287

Phe384

FIG 4 (A) Superposition of catalytic center residues of the 2,2’-CB-docked forms of BphAEg,g;\ (yellow) and BphAE, g4, (red). (B)
Superposition of catalytic center residues of the 2,2'-CB-docked form of BphAE_, ¢,g3y (blue) and BphAE, g, (red).
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FIG 5 Superpositions of catalytic center residues of the 2,2'-CB-docked forms of BphAEg, g3, (yellow), BphAE, ¢,¢3 (blue), and
BPhAEgrs: s263m (9ray).

BphAEg 550 catalyzes the reaction would be 2,3-dihydro-2,3-dihydroxy-2'-chloro-
biphenyl. However, for BphAE, s,s3m, the docking of 2,2-CB produced an orientation
different from that of BphAE, z,00- The proximal ring is approximately aligned with the
reactive ring of 2,2'-CB in the complex form of BphAE, 5,40, but the distal ring is shifted
toward Gly321 in BphAE,, 5,53 (Fig. 4B). The distances from the Fe2* ion to C-2, C-3,
and C-4 are 4.6 A, 4.1 A, and 4.6 A, respectively. Hence, hydroxylation would occur on
carbons 2 and 3 or 3 and 4 to produce 2,3-dihydro-2,3-dihydroxy-2'-chlorobiphenyl and
3,4-dihydro-3,4-dihydroxy-2,2'-dichlorobiphenyl. This result is also in agreement with
biochemical data. For BphAEggr4;.s283m the docking of 2,2'-CB produced an orientation
consistent with the same regiospecificity as those for BphAE, 5,530 (Fig. 5A).

Homology modeling suggested that several residues near the distal ring of the
substrate, such as Met283, Gly321, and Phe384, move in the BphAEg,45, structure (Fig.
5A). These residues modulate the conformation of the distal ring of 2,2'-CB toward
Phe384. The C-2 and C-3 of the reactive ring are closer to Fe2™ in BphAEg,53y, than in
BPhAE, 4 s283m and BphAEggs s 83m- These results show that the regiospecificity of the
enzyme is significantly dependent on residue Ser283. This modeling result suggests
that the segment from positions 281 to 285 and Phe384 of BphAE, g3\, are farther from
the Fe2* ion than in BphAE,, s,63m and BphAEgg4:_s2s3m (Fig. 5B). This variation results
in the cavity volume of BphAEs,g3y being larger than those of BphAE,, s,53m and
BPhAEgga1s283m- These results may explain why the k_,/K,, value of BphAEg,g5m
toward 2,2'-CB is slightly higher than that of BphAEgg41_s283m-

In order to further explore how the Ser283Met substitution affects 2,2'-CB binding,
we also examined structural features of the segment from positions 281 to 284 in the
different enzymes. As shown in Fig. S2A, although Ser is replaced by Met, the confor-
mation of 2,2’-CB in the complex form of BphAEg,43y, is similar to that of BphAE, g400-
When Ser is replaced by Met in BphAE,, s,g3\, the 2,2-CB ligand moves farther from
Met283 (Fig. S2B).

2,6-CB was also docked into BphAE g, and its variants. Compared with the
orientation of 2,6-CB in the previously studied variant BphAE_,, the conformation of
the docked substrate in BphAEs,g3, is opposite the ring of 2,6-CB in BphAE,, (Fig. 6A).
The distances from the catalytic iron to C-2’ and C-3’ are 4.3 A and 5.0 A, respectively.
According to the biochemical data, when BphAEs,45,, catalyzed the reaction, the main
primary metabolite produced from 2,6-CB was 2',3'-dihydro-2’,3'-dihydroxy-2,6-
dichlorobiphenyl. Residues Gly321 and Met283 are responsible for the reversal of rings
of 2,6-CB in the opposite orientation (Fig. 6A). For BphAE,,, 5,53, When the docked
substrate was superposed to 2,6-CB-bound BphAE,,, the reactive ring of 2,6-CB in
BPhAE,, s,63m Was found in an orientation similar to that of the reactive ring in
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FIG 6 (A) Superposition of catalytic center residues of the 2,6-CB-docked forms of BphAE_, (green) and BphAEs,4;, (yellow). (B)
Superposition of catalytic center residues of the 2,6-CB-docked forms of BphAEg,, (wheat) and BphAEgg,: s283m (Qray).

BPhAE,,. In the case of 2,6-CB-docked BphAE,, s,s3m C-3” and C-4 are 4.5 A and 4.6 A
away from the Fe2™ iron. This conformation is consistent with the biochemical data.
The distances from C-3" and C-4’ to iron in BphAE_, are 4.6 A and 4.9 A. The replace-
ment of Ser283 by Met in BphAE,, s,s3m did not create orientation changes compared
with BphAE_, (Fig. S3A). For BphAEgg,; s2s3m the docking of 2,6-CB produced a
conformation consistent with the same regiospecificity as that for BphAE,,, (Fig. S3B).
However, the conformation of docked 2,6-CB in BphAEgg4;.s253m IS different from that
in BphAEgg,, (Fig. 6B). In the case of 2,6-CB-docked BphAEgg4;_s253m, C-3' and C-4' are
closer to the Fe2* ion (Table 4), but C-2' and C-3' are closer to the Fe2™ ion in
BphAEgg4;- This change suggests that the Ser283Met mutation altered the regiospeci-
ficity of BphAEgg,,. Overall, the results suggest that the Ser283Met mutation causes
changes in the orientation of the substrate and thereby produces different metabolites.

DISCUSSION

Polychlorinated biphenyls are commonly metabolized by the biphenyl degrada-
tion pathway of bacteria, and the substrate range of BPDO, which initiates degra-
dation, will determine the range of congeners that the pathway metabolizes (38).
BPDOs are potentially capable of metabolizing many BPH analogs and bicyclic- or
tricyclic-fused heterocyclic aromatics such as dibenzofuran and flavonoids (17, 39,
40). In previous studies, three mechanisms through which BphAEs expand their
substrate range have been identified. Using a semirational directed-evolution
approach, BphAE,,, and BphAEgg,, variants were obtained, which exhibited broader
substrate ranges than wild-type BphAE, g, (29, 30). Variants BphAEg, oo, BPhAEg; 4o,
and BphAEq;, 5, that were obtained by shuffling soil DNA with LB400 bphA exhibited
effective catalytic properties for di-ortho-substituted chlorobiphenyls (41).

However, engineering or evolving BPDOs that catalyze the oxidation of a wider
range of PCBs is a formidable task. Many residues that are in contact with or removed
from the substrate may alter catalytic properties. The mechanisms by which these
residues act vary depending on the analog used as the substrate. Numerous enzyme-
engineering reports on benzene, chlorobenzene, biphenyl, and naphthalene dioxyge-
nases identified several amino acid residues of these Rieske-type oxygenases that can
modulate substrate specificity and regiospecificity (15, 16, 42-46). The segment from
positions 280 to 283 in BphAEs is located at the entrance of the catalytic pocket, and
it shows conformational variations. Compared to BphAE, 400, Ser283 of BphAE,, shows
a considerable shift after substrate binding (47). Ser283 also influences the activity of
this enzyme toward di-ortho-substituted chlorobiphenyls (41), and Pham et al. reported
that residue 283 was very close to ring A of flavone in flavone-docked BphAE,, (18).
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Based on the Pseudomonas fluorescens IPO1 cumene dioxygenase crystal structure, the
corresponding residue, L284, is part of a loop involved in the formation of the active
site of this oxygenase (48). In most BPDOs, this position is occupied by a neutral residue
(Met, lle, or Leu), whereas in LB400, it is occupied by Ser, a charged amino acid. In this
work, we further investigated the role of this residue in substrate specificity and
regiospecificity. The BphAEs,gsm BPhAE,, s583m and BphAEggs; syg3m Variants were
created from the parent enzymes BphAE, 400, BPhAE,,,, and BphAEgg,,, respectively, by
the replacement of Ser283 with Met. We focused on the catalytic activity and degra-
dation potential of BphAE variants toward ortho-substituted and highly chlorinated PCB
congeners.

In previous reports, the k./K,, value for BphAE, g,o, toward biphenyl was found to
be 10-fold higher than that for BphAEg;s4 (36). Our data show that the k., /K, value
toward this substrate was four times higher for BphAEg, g5y than for BphAE, g400- The
kat/K,, value toward biphenyl for BphAE,, was close to that for BphAE, g, (33), and
the kinetic parameters of BphAE, g, toward biphenyl were higher than those of its
variants BphAE,,, and BphAE,,, (18). To the best of our knowledge, the kinetics of the
reaction of most previously described engineered BphAEs toward biphenyl are lower
than those of their parental enzymes (18, 33, 49, 50). However, in this work, the k_,/K,,,
values of the BphAEs,g3p, BPhAE, 4 5830 @nd BPhAEgg4;_s283m Mutants toward biphe-
nyl were higher than those of their respective parents.

Additionally, to date, the degradation of lower chlorinated congeners of PCB
(chloride, =3) has been investigated extensively, but little is known about the degra-
dation of highly chlorinated biphenyls, especially the kinetics of highly chlorinated PCB
degradation by enzymes (3, 51-53). In this study, we determined the steady-state
kinetics of BphAEs toward 2,3',4,4'-CB, 2,2',6,6'-CB, and 2,3',4,4',5-CB, which were
found to be metabolized significantly better by the Ser283Met mutants than by their
parent enzymes. Thus, for BphAEs displaying structural feature similar to those of
BPhAE, 5400 the Ser283Met mutation of BphAE, 5, Vvariants may be a strategy to
further enhance their catalytic activity toward biphenyl and highly chlorinated biphe-
nyls.

Our results show that for 2,2'-CB, the ratio of 2,3-dihydro-2,3-dihydroxy-2’-
chlorobiphenyl to 3,4-dihydro-3,4-dihydroxy-2,2'-dichlorobiphenyl is increased in all
the Ser283Met variants compared to their parents. Although BphAE,.,, (the corre-
sponding residue is a Leu), from Pseudomonas alcaligenes KF707, exhibits 95% identity
with BpPhAE, g0 it catalyzes a 5,6-dioxygenation of 2,2'-CB (54). Similarly, the previ-
ously described BphAE, g, Variants BphAEs, o, (Leu283) and BphAE;, s, (Met283) were
also found to catalyze a 5,6-dioxygenation of 2,2'-CB (41). Those observations and ours
may suggest that the residue located at position 283 plays a role in orienting the
biphenyl ring toward the catalytic iron. In addition, the larger proportion of 2,3-dihydro-
2,3-dihydroxy-2'-chlorobiphenyl that is produced from 2,2'-CB by the Ser283Met vari-
ants than by their respective parents suggests that the mutation allows a substrate
orientation that favors catalytic oxygenolytic dehalogenation of this substrate. This is
especially true for BphAE,, but is also true for BphAEgg,,, which was previously
reported to metabolize a broader range of PCB congeners than BphAE,, and BpAE, 440
(30, 31). Structural analyses of 2,2'-CB-docked BphAE,, and BphAE,, s,g3m show that
the distance from catalytic Fe2* to C-2 and C-4 is altered in the BphAE,, variant
carrying the Ser283Met substitution, which may explain why the Ser283Met mutation
enhances the ability of the enzyme to catalyze 2,3-dioxygenation of 2,2’-CB.

In the case of 2,6-CB, based on biochemical data and structural analyses, we found
that the Ser283Met mutation appears to favor a conformation to allow a 3,4-
oxygenation of the unsubstituted ring. The BphAEs,45,, Vvariant produced the same
metabolite ratio as BphAE, g,0,. However, the Ser283Met mutation produced a signif-
icant effect on BphAE,, s,g3m and BphAEgg,; s283m- IN this case, the metabolite ratio
was inversed compared to BphAE,, and BphAEgg,,, where larger amounts of 3,4-
dihydroxylated metabolites were produced in the variant enzymes. It is noteworthy
that BphAEg;ss (Met283) was reported to oxygenate carbons 3 and 4 of 2,6-CB (36).
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Since the catalytic pocket of all these enzymes differed by a few amino acid residues,
this observation further supports the hypothesis that residue 283 plays a role in the
orientation of the substrate, but its influence varies greatly depending on the other
protein residues with which it interacts during the substrate binding process.

We observed that the segment from positions 281 to 284 was displaced when
2,6-CB was docked in different enzymes. This result is consistent with a previous report
that a short helix, including the segment from positions 282 to 288, needs to shift when
3,4-dihydroxylation occurred for BphAEy;s5¢ binding with 2,6-CB (36). Our structural
analysis and the previous study demonstrated that the residue at position 283 is the
only one on this helix that is in contact with the 2,6-dichlorobiphenyl. The docked data
show that in the case of BphAE,, s53m and BphAEgg4; s283m binding with 2,6-CB, the
distal ring of 2,6-dichlorobiphenyl moved to meta-para-dioxygenation compared to
their parent enzymes because of the larger size of Met. Furthermore, Dhindwal et al.
found that Ser283 makes polar contact with Val320 in BphAE,,. Ser283 also interacts
with the chain of residues Ala286 and Val287 (26). Our analysis based on a homology
model of BphAE,, s,g3m indicated that Met283 is far from Val320, which means that the
constraint is released. However, the crystal structure of BphAE, s,g3\ Will be required
to explain this phenomenon more precisely.

Our structural analysis also identified Phe384 as another key residue lining the
catalytic cavity that may influence substrate specificity and regiospecificity, where its
interactions with other protein residues may influence the enzyme cavity volume. Our
results corroborate those of Suenaga et al., who suggested that Phe383 of BphAEy¢,,,
and the corresponding residue of BphAE, 5,00, Phe384, may change either the range of
substrates or the regiospecificity toward ortho-chlorinated biphenyls (55).

Furthermore, we assessed the substrate ranges of BphAE, 5., and its variants using
a recombinant E. coli cell assay described previously (29). In previous reports (20, 31, 37),
it was shown that all PCBs of a mix of 11 congeners similar to the one that we have used
were metabolized at a low rate by BphAE, p,0,. Compared to BphAE, g,0, BphAE,,
metabolized an expanded range of chlorobiphenyls, and it exhibited an enhanced
ability to metabolize the coplanar compound dibenzofuran (27). BphAEgg,, exhib-
ited the ability to metabolize a broader range of PCB congeners than BphAE,, and
BPAE, g400 (31). Our data show that the Ser283Met substitution extends the substrate
ranges of BpAE, 400 and BphAE,,. Thus, both BphAE,45,, and BphAE,, s,¢3m exhibited
a superior ability to metabolize the PCB mix over their respective parents. Numerous
effective bacteria were isolated to degrade PCBs, such as Pseudomonas, Polaromonas,
Variovorax, Shigella, Janthinobacterium, Castellaniella, and Subtercola (56-59). However,
very few bacteria were reported to metabolize the most highly chlorinated PCBs.
Notably, BphAEs,g30 and BphAE,, 5,53 Were able to degrade 10 congeners of the mix
of 11 congeners described in Table S2 in the supplemental material, ranging from tri-
to hexachlorinated biphenyls (Table 3). Thus, these variants may have the potential to
remediate PCB pollution. However, given the complexity of the oxygenation of PCBs, it
is rather difficult to understand clear-cut mechanisms to elucidate what determines the
substrate range and how the enzymes evolve to expand their substrate range.

Nevertheless, although the Ser283Met mutation in BphAE, g, significantly en-
hanced the enzyme’s PBC-degrading potential, the same mutation in BphAE,, did
not produce such a significant effect, and in BphAEgg,,, this mutation hindered
the PCB-degrading potential of the enzyme. BphAE,, and BphAEgg,, differ from
BphAE, 400 by only 2 and 5 amino acid residues, respectively, where both BphAE,,
and BphAEgg,, carry the same T335A F336M mutations. In previous reports, the
Thr335Ala substitution in BphAE, g4, variants was found to broaden its substrate
range, and the Phe336Met substitution affected the orientation of the substrate
inside the catalytic pocket (32), whereas the Asn338GIn substitution in BphAEgg,,
was shown to affect subunit assembly and stability by interacting indirectly with
residue 409, which is far from it (31). The BPDO reaction is complex, where the RO
component, which is itself composed of two subunits, needs to interact with two
substrates (biphenyl and O,) and electron transfer is required, which involves
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TABLE 5 Sequence pattern of BphAE, g4, variants

Residue at position?:

Protein designation 283 335 336 338 341 409
BphAE 400 S T F N | L
BphAEg,53m M T F N | L
BphAE,, S A M N | L
BphAE 4 5583m M A M N | L
BphAEgg4, S A M Q \Y% F
BPhAEgp41-s283Mm M A M Q \ F

aAll other residues for these variants are identical to those for BphAE, g4q0.

interactions between amino acids of the two RO subunits and between the RO and
the ferredoxin. Previous studies (32, 33) have shown that many amino acid residues
inside the active site or surrounding it interact with each other and with residues
far away during substrate binding and catalytic reactions. Therefore, together, these
data show that the changes required by this enzyme to modify the catalytic activity
and substrate range are difficult to rationalize.

In conclusion, this study suggests that the Ser283Met substitution in BphAE, g400
variants influences the oxygenase catalytic reaction depending on the substrate and on
the other protein residues with which it interacts. In some cases, this substitution may
enhance the catalytic activity toward biphenyl, and it may alter the enzyme regiospeci-
ficity toward PCB congeners depending on their chlorine substitution pattern. Most
notably, this residue may enhance the activity toward some of the more highly
chlorinated biphenyls (3-6-chlorines), which are generally very poorly oxidized by most
dioxygenases. The present work showed a dramatic effect of mutation Ser283Met on
substrate specificity/regiospecificity in BPDO. This will certainly be a meaningful ele-
ment for understanding the effect of the residue corresponding to position 283 in other
Rieske oxygenase enzymes.

MATERIALS AND METHODS

Bacterial strains, plasmids, and chemicals. Wild-type strain B. xenovorans LB400 was described
previously (60). Escherichia coli C41(DE3) (61) (Stratagene, La Jolla, CA) was used in this study. Plasmids
PET14b[LB400-bphAE], pET14blp4-bphAE], pET14b[RR41-bphAE], pET14b[LB400-bphF], pET14b[LB400-
bphG], and pDB31[LB400-bphFG] were described previously (32, 33, 62). Chemical standards were
purchased from Sigma-Aldrich. Biphenyl and PCB congeners were obtained from Accustandard (pu-
rity, >99%).

Preparation of Ser283Met mutants of each BphAE. A previously described two-step site-
directed mutagenesis protocol (41) was utilized to create the three mutants with the single
substitution Ser283Met in BphAE g, BphAE,,, and BphAEg;,, (Table 5). For each mutant, four
primers were used to amplify two fragments that were assembled exactly as described previously by
Vézina et al. (41). The right-end fragment was amplified using the forward primer 5'-GAGCCGGGC
ACGCTCCTGGCG-3' with the reverse primer 5'-GGGGTACCCCCTAGAAGAACATGCT-3’, and the left-
end side was amplified using the reverse primer 5'-GGGGTACCCCCTAGAAGAACATGCT-3’ with the
forward primer 5'-CGGGATCCGATGAGTTCAGCAATCA-3’. BphAEs were expressed in E. coli C41(DE3)
as His-tagged proteins and purified by affinity chromatography as described in a previous report
(33). The level of expression of purified enzymes was assessed by SDS-PAGE (63).

Assays to determine the kinetic parameters of BphAE, ;,,, BPhAE,,, BphAE.,,, BphAE, 4\,
BphAE,, s,53m and BphAEgg,, 5,43 toward biphenyl and PCB congeners. Reconstituted His-tagged
BPDO preparations were used to monitor enzyme activity and metabolite production. Variants were
cloned in pET14b, expressed in E. coli C41(DE3), and purified by affinity chromatography as His-tagged
enzymes as described previously by Mohammadi and Sylvestre (30). The concentration of each purified
component was determined by spectrophotometry (20-22). The enzyme assays were performed at 37°C,
according to a protocol described previously, in T ml in 50 mM morpholineethanesulfonic acid (MES)
buffer containing 2.4 nmol of BphF, 1.2 nmol of BphG, 2.4 nmol of BphAE, and 400 nmol of NADH (22).
PCB congeners included 4-chlorobiphenyl, 2,2'-dichlorobiphenyl (2,2"-CB), 2,5-dichlorobiphenyl (2,5-CB),
2,6-dichlorobiphenyl (2,6-CB), 2,2',5,5'-tetrachlorobiphenyl (2,2',5,5'-CB), 2,3',4,4'-tetrachlorobiphenyl
(2,3',4,4'-CB), 2,2',6,6'-tetrachlorobiphenyl (2,2',6,6'-CB), 2,3’,4,4',5-pentachlorobiphenyl (2,3',4,4',5-CB),
and 2,2',4,4',5,5'-hexachlorobiphenyl (2,2",4,4',5,5'-CB). The steady-state kinetic parameters of all BphAEs
were monitored by recording oxygen uptake for concentrations of selected PCBs between 5 and 60 uM
(64). Kinetic parameters were obtained from the analysis of at least two independently purified prepa-
rations tested in triplicate.

Identification of the metabolites produced from 2,2'-CB, 2,5-CB, and 2,6-CB by BphAE,;,,, and
its variants. Reconstituted His-tagged BPDO preparations were utilized in these experiments. The
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enzyme assays were performed as described above, at 37°C, in 50 mM MES buffer, and in a volume of
1 ml containing 2.4 nmol of BphF, 1.2nmol of BphG, 2.4 nmol of BphAE, 400 nmol of NADH, and
500 nmol of the substrate (22). The metabolites were extracted at neutral pH with ethyl acetate and
reacted with n-butylboronate (nBuB) for gas chromatography-time of flight mass spectrometry (GC-TOF-
MS) analysis using previously reported protocols (33). The identity of each hydroxylated metabolite was
determined based on chromatographic data reported previously by Viger et al. (31). Catalytic activities
were assessed by monitoring metabolite production after 30 min of incubation. GC-MS peak areas were
used to quantify substrate depletion and metabolite production. GC-TOF-MS analyses were performed
using an HP7890A-series gas chromatograph (Agilent Technologies) using Pegasus BT (Leco).
Whole-cell assays to determine the potency of PCB degradation by various E. coli(pET14b-[bphAE])
strains. E. coli DH11S(pQE31[LB400-bphFG]/pET14b[bphAE]) cells expressing variant BphAEs were used to
determine the ability of each BPDO to degrade a mixture of 11 PCBs using a protocol identical to the one
reported previously by Barriault and Sylvestre (29) (see Table S2 in the supplemental material).
Modeling, docking, and structure analysis. The structures of S283M, p4-S283M, and RR41-5283M
BphAEs were modeled by using SWISS-MODEL structural modeling software (https://swissmodel.expasy
.org/interactive). The crystal structures of BphAE, g,,, (RCBS PDB accession number 2XRX), BphAE , (RCBS
PDB accession number 2XSH), and BphAEg.,, (RCBS PDB accession number 2YFJ) were chosen as the
templates. The six structures of BphAE as protein targets were prepared using previously described
methods (26). In the case of BphAE, 5., and its variants, the structural coordinates of dimer AB were used
for docking. The ligands 2,2'-CB and 2,6'-CB were download as SDF files from PubChem (http://pubchem
.ncbi.nlm.nih.gov) and converted into PDB format in Discover Studio. Both proteins and ligands were
processed with AutoDockTools to obtain their proper PDBQT formats. The searching space for the ligand
was centered on the mononuclear iron and contained 18 A in each x, y, and z direction. AutoDock 1.5.6
(65) with default parameters was used to perform automatic docking (18).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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